The Heliostorm (also referred to as Geostorm) mission has been regarded as the best choice for the first application of solar sail technology. The objective of Heliostorm is to obtain data from an orbit station slightly displaced from the ecliptic at or nearer to the Sun than 0.98 AU, which places it twice as close to the sun as Earth's natural L1 point at 0.993 AU. Heliostorm has been the subject of several mission studies over the past decade, with the most complete study conducted in 1999 in conjunction with a This paper will present the preliminary results of an updated Heliostorm mission design study including the enhancements incorporated during the design, development, analysis and testing of the system ground demonstrator.
respectively, sufficient to achieve an operational station location between 0.984 and 0.983 AU. The sail design utilized UV-rigidized, inflatable Kevlar booms with a 4.5-mil-wall-thickness, a 0.33-mil (8-micron) thick Kapton sail membrane, and a jettisonable stowage canister and inflation system. The total launch mass of the sail, or Sail Propulsion Subsystem (SPS), was 78.7 kg, including 7 kg of jettisonable elements, making the flight or operational mass of the SPS 71.7 kg. The jettisonable element mass included 5 kg for the stowage canister and 2 kg for the inflation system. The boom linear mass density for the tapered 8 cm-diameter boom at the base and 2.5-cm diameter boom at the tip was 41.1 g/m. The sailcraft is comprised of the sailcraft bus, SPS, SPS stowage canister, and a three-instrument payload. The sailcraft employs spin stabilization for attitude control, utilizes conventional monopropellant hydrazine propulsion to control sailcraft orientation and has the capability to jettison the sail if it fails to deploy properly and thus perform a conventional L1 Geostorm.
Deployment proceeds in positive and negative directions along one axis and then along the orthogonal axis. A blowdown inflation system with a regulated pressure is used for simplicity and lightweight. A latching valve for each axis allows axis sequencing as well as deployment halt in case of an anomaly. Contacts at each ring (~1-m intervals) on each boom allow monitoring of all boom/sail positions during deployment. The inflation system is jettisoned after deployment and rigidization to lower sailcraft areal density. The operator will be able to bypass regulated pressure in the unlikely event of a tube hang up.
The sail is attached to the booms via rings at ~1-meter intervals. Therefore, the boom deployment control also controls sail deployment; no mechanisms are added. The sail is pulled out from points all along its length rather than just from the tip. If the first axis fails to deploy completely, the second axis of the sail can still be pulled fully out. In addition, since the inboard section of sail is deployed first, sail tensioning can still be accomplished in the event of incomplete boom deployment.
20-meter Ground System Demonstrators
The ISPT goal is the advancement of key transportation technologies that will enable or enhance future robotic science and deep space exploration missions. Technologies in the portfolio include aerocapture, advanced chemical propulsion, solar electric propulsion, and solar sail propulsion (SSP). The first of two SSP research elements in the ISTP Cycle 1 was called the Ground System Demonstration (GSD), which developed a prototype solar sail system for ground testing that would be used to validate design concepts for: sail manufacturing, packaging, launch to space and deployment; attitude control subsystem function; and to characterize the structural mechanics and dynamics of the deployed sail in a simulated space environment. SSP awarded ground demonstration contracts to two companies that had proposed two distinct technologies in order to achieve the project objectives. ABLE Engineering Company's (now ATK Space Systems) proposed work based on their prior NMP ST-7 proposal, incorporating a rigid coilable boom, an articulating boom attitude control system (ACS) subsystem and partner SRS, Inc.'s (now part of ManTech, Inc.) CP1 sail membrane. L'Garde, Inc. proposed work based on the experience they gained on their NMP ST-5 proposal and as the sail provider for a commercial venture, Team Encounter, incorporating an inflatable and sub-T g rigidizable boom, a control vane based ACS and commercial mylar for the sail membrane. Technical descriptions of work performed by AEC 6, 7, 8, 9 and L'Garde 10, 11, 12 on the 20-meter GSD can be found in the respective team's papers
Comparison of 1999 ST-5 and New-Technology Heliostorm Sailcraft Designs
Missions that might benefit from the use of very large structures in space place a high value on massefficient structures and, for sail missions, on space-suitable thin-film membranes. The reason for this is obvious: for missions requiring large space structures most of the mass is in the structure and therefore most of the potential mass savings lies in the structure. Also important to note, specifically for sail missions, is the desire to reduce not only launch mass but also to eliminate mass post launch. Sail missions can continue to benefit from the staging principle after completion of the ballistic portion of the launch. This makes vehicle system design approaches that provide for jettison of the hardware necessary to deploy a sail in space highly valuable. It also places a premium on vehicle system design engineering that takes into account the most mass efficient way to perform all required post-launch spacecraft functions, particularly those that involve propulsive events and attitude control and stabilization. Although sail technology may offer the possibility of propellantless propulsion and attitude control, many potential sailcraft mission scenarios may benefit from, or even require, jettison of the sail at some point in the mission, requiring the spacecraft to carry a conventional capability for attitude control and propulsive events after sail jettison. Adding the extra mass required to implement a propellantless method for attitude control, such as vanes or a gimbaled-mass-on-a-boom system, during the sail-attached portion of the mission saves propulsion subsystem mass for the overall vehicle use after sail jettison.
L'Garde and the team of JPL and Ball Aerospace used the concepts discussed above to improve the performance of their sailcraft from the ST-5 proposal through the 20-meter GSD program. A preliminary assessment of the benefits provided by implementing the above concepts and their enhancements to the Heliostorm mission was performed prior to the 20-meter test program 13 . Much of the mass savings came from selecting a thinner material (2 micron Mylar). Additional mass savings were brought about by moving to a completely propellantless attitude control system using a set of tip vanes to provide roll, pitch and yaw control of the sailcraft. The vane design includes all component required for stowage in the canister, rotation of the vane into the plane of the sail for deployment, and finally to provide the cant angle to provide passive stability during operation. The boom were lightened by implementing a striped net design that allows the solar loads to be more efficiently spread along the length of the boom, with the sail laid loosely on the supporting stripped net with little stress. Sail wrinkles in the radial direction formed by a small amount of extra sail material are designed to absorb any lateral deformations in the film due to thermal effects. Lateral deformations are absorbed by the additional material, and the deformation from net element to net element is absorbed by slight changes in the billow between net elements. In this way, the net elements and not the sail material dictate the overall shape of the sail effectively decoupling the global sail shape from the membrane material properties. Since the booms are not sized to withstand the bending generated by the solar flux alone, a tensioned truss or spreader system is used to allow the boom to absorb the bending. The spreader system consists of lightweight composite spreader bars mounted to rigid rings integrated into the boom and Kevlar truss lines connecting the spreader bars together. Table 1 summarizes the key aspects of the ST-5 Geostorm sailcraft and new-technology-based Heliostorm sailcraft design, as just described. Table 2 details the mass breakout for the entire sailcraft and carrier for both designs, including Current Best Estimates (CBE) and mass margins. One accomplishment of the updated mission design is that with the use of thinner sails and a clever design of the jettisonable carrier, the science payload that the sail can carry has increased from 5 kg to 50 kg, which accounts for the majority of the difference between columns 3 and 4 of Table 2 . Figure 1 graphically shows the advancement in warning time based on the characteristic acceleration of the sailcraft. The L1 point is .993 astronomical units (AU) from the sun, so it is located at the right side of the graph. The ST-5 design had a goal of maneuvering to .983 AU, however the best achievable was .986 AU. The Heliostorm design based new technologies demonstrated under the ISPT GSD program can achieve a position at .969 AU with a corresponding increase in the amount of warning time for CMEs.
It is important to note that this updated mission concept, and the associated mass allocations, does not include the option for a halo orbit around the L1 point. This is a riskier approach compared to the ST-5 concept where a ballistic trajectory is flown to a halo orbit around L1 and then the sail is deployed to fly to the sub-L1 point. The ST-5 mission design allowed for an operational spacecraft at L1 if the sail failed to deploy. Under the GSD program, L'Garde has perfected an enhanced boom packing concept, allowing the diagonal dimension of a stowed 100 meter sail to decrease from 213 cm to 140 cm. By reducing this dimension and taking the risk of not having a operating spacecraft at L1 if the sail fails to deploy, the entire spacecraft can now be launched on a Taurus class vehicle, compared to a Delta II launched required for the ST-5 sailcraft, saving approximately $40 million in launcher costs.
CONCLUSION Described herein is a concept for a new-technology-based Heliostorm Warning Mission sailcraft design.
The sailcraft is capable of operating at a station location inside the Earth's L1 point near 0.969 AU.
Positioned here, the sailcraft offers an improvement in solar storm warning time equivalent to a factor of nearly 2 compared to the 1999 ST-5 Geostorm proposal sailcraft, with that sailcraft positioned at 0.984 AU. The new sailcraft design makes maximal use of new developments in sail design sponsored by NASA's ISPT Program which make viable the scaling up of inflatable-based rigidizable sail designs. 
